Background: Alcohol binge drinking behavior is an important public health issue. Causal rodent and human associational studies show that reinforcement of prenatal androgen signaling increases alcohol consumption in adulthood. However, the effects of prenatal androgen exposure on adult binge drinking patterns have not been investigated yet. Method: We analyzed data from 2225 participants of an online survey (conducted 06-07/2016) to evaluate biomarkers for prenatal androgen exposure (second-to-fourth finger length ratio [2D:4D], age at spermarche or menarche as hallmark for pubertal onset) in binge drinking (≥1 episode of 15+, 10+, and/or 5+ standard drinks of~13 g of alcohol within 2 h during the 24 month-and 2 week-recall periods). Results: Men reported binge drinking more often than women (ORs > 1.4, P < .001). For the 24 month-recall period, binge drinkers showed lower 2D:4D (P = .006) and reported later pubertal onset (P = .022) than nonbinge drinkers. These findings consistently suggest excess prenatal androgen exposure in adult binge drinkers. Moreover, 2D:4D was negatively associated with severity (15+/10+/5+/non-binge drinking, P = .005) and frequency of binge drinking episodes (P = .044). All of these effects were stronger in men than in women. For the 2 week-recall period, the biomarkers were not significantly related to binge drinking behavior. Conclusion: Our results indicate that increased prenatal androgen exposure is involved in the development of alcohol binge drinking behavior in adults.
Introduction
Alcohol binge drinking behavior is a major public health issue. It is characterized by sessions with excessive alcohol consumption and represents a risk factor for the development of alcohol dependence (Esser et al., 2014) , related psychiatric and somatic sequelae (Bonomo et al., 2004) , other mental illnesses (Mohamed and Ajmal, 2015) , and premature death (Stahre et al., 2014) [for review see (Kuntsche et al., 2017) ]. Also, alcohol binge drinking entails high costs for the community (Sacks et al., 2015) .
Binge drinking is an important research concept in the field of substance use disorders. In the literature, the definitions of binge drinking differ with regard to the quantity of alcohol consumed within one occasion (threshold numbers of standard drinks, alcohol amount of one standard drink, timeframe definition of one occasion [drinking in a row, 2 h, 1 day]), the recall period (past week, past month, and past year), and whether single occasions or typical consumption patterns are measured (Courtney and Polich, 2009; Kuntsche et al., 2017) . Some investigations use sex-specific thresholds of standard drinks to harmonize for gender dimorphisms in alcohol metabolism and subjective alcohol effects (Kuntsche et al., 2017) . It is also important to distinguish risky single-occasion drinking from chronic heavy alcohol drinking (Gmel et al., 2011) .
High prevalence rates have been reported, with 27.4% for the past month binge drinking in the US National Survey on Drug Use and Health 2009 -2011 (Esser et al., 2014 , 38.0% for ≥1 episode of 4 or 5 drinks in a row during the previous 2 weeks in an Italian cohort of young adults between 18-and 24-years-old (Bartoli et al., 2014) , 52.3% for ≥5 drinks at one drinking opportunity during the last 30 days in a representative cohort of German adolescents (Donath et al., 2012) , and 65.1% for 4 or 5 drinks (51.3% occasional and 13.8% frequent) in a French sample of college students (Tavolacci et al., 2016) [for review see (Kuntsche et al., 2017) ]. Similar to addictive disorders, men are more prone to binge drink than women (Donath et al., 2012; Kuntsche and Gmel, 2013; Kuntsche et al., 2004; Mohamed and Ajmal, 2015; Tavolacci et al., 2016) [for review see Kuntsche et al. (2017) , but see also Bartoli et al. (2014) ]. Thus, binge drinking with its devastating consequences for the affected individuals and the community in general is a common behavior. However, the understanding of the underlying etiopathogenetic mechanisms remains limited.
Preclinical and clinical evidence suggests that increased exposure to androgens during the intrauterine developmental window organizes the brain with long-term behavioral effects including a predisposition to addictive disorders (Lenz et al., 2012) . Huber et al. (in press) have shown that prenatal androgen receptor inhibition with flutamide decreases adult alcohol consumption in male mice and that prenatal androgen receptor activation by dihydrotestosterone increases adult alcohol consumption in female mice. Accordingly, the prenatal treatment of female sheep with excess testosterone propionate elevated the number of tyrosine hydroxylase-immunoreactive cells in the ventral tegmental area (Brown et al., 2015) , a brain region relevant to addictive behaviors.
Because of ethical reasons and the long period between the prenatal window and adulthood in humans, it is hardly feasible to directly investigate the effects of prenatal androgen load on adult behaviors. Therefore, several independent proxies for prenatal androgen exposure, such as the second-to-fourth finger length ratio (2D:4D) (Berenbaum et al., 2009; Breedlove, 2010; Cohen-Bendahan et al., 2005; Manning et al., 2014; Zheng and Cohn, 2011) [but see also Wallen, 2009) ], age at pubertal onset (Cohen-Bendahan et al., 2005; Dela Cruz and Pereira, 2012; Manning and Fink, 2011b) , and transient evoked otoacoustic emissions (Cohen-Bendahan et al., 2005; McFadden et al., 2009 ) have been established. Lower 2D:4D (suggesting prenatal hyperandrogenization) was related to higher alcohol intake in the BBC Internet Study (Manning and Fink, 2011a) . One investigation reported lower 2D:4D in alcohol-dependent patients in comparison to healthy control subjects for both sexes (Kornhuber et al., 2011) and two additional studies replicated this finding for males (Han et al., 2016; Lenz et al., 2017) . 2D:4D was negatively correlated with alcohol-related sequelae, withdrawal severity, and number of prospective hospital readmissions in alcohol-dependent patients . Lower 2D:4D of the right hand has also been found in male heroin addicts in comparison to healthy control subjects (Cicek et al., 2017) . Moreover, lower 2D:4D has been linked to video game addiction in males (Kornhuber et al., 2013) , higher Internet Addiction Test scores in males (Canan et al., 2017) , and facets of internet use disorders in both sexes . A recent study showed weaker transient evoked otoacoustic emissions and a later pubertal onset, both suggesting prenatal hyperandrogenization, in male alcohol-dependent patients in comparison to male healthy control subjects . In accordance with the preclinical investigations, these clinical association studies support the assumption that higher prenatal androgen exposure increases the risk of substance-related and behavioral addictions in adulthood.
To the best of our knowledge, no study on the role of prenatal androgen exposure in binge drinking behavior has been conducted so far. We hypothesized lower 2D:4D and later age at spermarche and menarche (suggesting higher prenatal androgen exposure) in individuals who binge drink in comparison to individuals who do not. We predicted associations of the biomarkers with binge drinking severity (more alcoholic standard drinks per binge drinking episode) and more frequent binge drinking episodes (more episodes during the recall periods) as well as stronger effects in men than in women.
Methods

Study sample
Between June 14 and July 4, 2016, 14027 members of the SoSciPanel were invited per e-mail to complete a 30-min standardized online survey presented in the German language on the SoSci Survey online platform (www.soscisurvey.de). In total, 2332 individuals completed the survey. After quality-related exclusions, 2316 study subjects remained within the cohort. Of these, 23 were excluded due to missing data on binge drinking behavior. Because of the association between gender identity disorder and prenatal androgen exposure (Hisasue et al., 2012; Kraemer et al., 2009; Schneider et al., 2006; Wallien et al., 2008) , we excluded another 68 who stated that their biological sex was different from their psychological gender. The total cohort consisted of 2225 study subjects, the 2D:4D subsample of 1924 individuals, and the pubertal age subsample of 2187 individuals (Fig. 1). 
Definitions of binge drinking behaviors
Binge drinking episodes were surveyed according to Patrick et al. (2013) . The participants were asked to state on how many occasions they drank ≥5 (5+ binge drinking episode), ≥10 (10+ binge drinking episode), and ≥15 (15+ binge drinking episode) standard drinks within 2 h during the previous 24 months and the previous 2 weeks. A standard drink was defined as 330 mL of beer (ca. 5% alcohol), 140 mL of wine (ca. 12% alcohol), 70 mL of 25% alcohol liquor (e.g., aperitif), or 40 mL of 40% alcoholic liquor (e.g., whiskey, gin, vodka).
For the statistical analysis, we built three categories (Table 1) . We used the 24 month-recall period for our primary hypothesis and the 2 weeks-recall period for further exploratory analysis. We opted for this approach because the latter definition may underestimate the number of binge drinkers by likely failing to capture vacation times. The participants self-measured and documented the lengths of their second and fourth fingers separately for the right and the left hands in centimeters rounded to one decimal place on a scale with values between 5.0 and 10.0 cm in 1 mm increments [Instruction translated from German: "Look at the palm of your left hand. Focus the area where the second finger is connected with the palm. There are one or more creases. Search for the middle of the bottom crease (most proximate to the palm) and put the 0 of your ruler on this point. Make sure the ruler runs straight up the middle of your finger. Measure as exactly as possible the distance to the tip of your finger (not your nail). Every millimeter counts. Enter the measured length in centimeters using the analog scale below. Use the same procedure for the fourth finger and quantify as precisely as possible the distance between the middle of the bottom crease and the tip of your finger. Subsequently, use the same method to measure the second and fourth fingers of the right hand. Be careful to assign the number to the correct finger."]. To eliminate inaccurate values, we excluded individuals who either stated that they had any technical problem in measuring their finger lengths (e.g., no ruler available) or altered fingers in any way (e.g., diseases or trauma) or were outside the 2.5 and 97.5 percentiles (of the quality-corrected data set of 2316 study subjects).
Age at pubertal onset
As hallmarks of pubertal onset, men reported their age at spermarche and women their age at menarche in years. Data sets with missing values for pubertal age or 0 were excluded.
Statistical analysis
The descriptive statistics present median and interquartile range (IQR). Correlations were calculated by Spearman's method. The MannWhitney U test was used to test for differences between two groups. The χ 2 test was employed to evaluate differences in the frequency of nominal variables. Fisher's exact test was used if ≥1 cell failed to reach an expected value of five observations. We used repeated-measures analyses of covariance (RMANCOVA) with repeated measurements on the factor "hand" (right, left) and separate analyses of covariance (ANCOVAs) with right hand 2D:4D (R2D:4D), left hand 2D:4D (L2D:4D), the difference between right and left hand 2D:4D (2D:4Dr-l), and age at pubertal onset as dependent variables. The dichotomized binge drinking variable (binge drinkers vs. non-binge drinkers) was inserted as a between-subject factor or fixed factor, and the binge drinking severity variable (15+/10+/5+/nonbinge drinking, coded as "3", "2", "1", and "0") and the frequency of binge drinking episodes as covariates. The models included the potentially confounding factors of sex (between-subject factor or fixed factor), body mass index (Fink et al., 2003; Oyeyemi et al., 2014) , and age (covariates). Continuous variables with skewness or kurtosis < −1 or > +1 (binge drinking severity for the 2 week-recall period, binge drinking frequency for both recall periods, age at pubertal onset, and body mass index) were transformed into rankit normal scores (Bishara and Hittner, 2012) . The effect size of binge drinking variables was estimated by partial η 2 values. Marginal means with standard errors are reported. P values < .05 for two-sided tests were considered to be statistically significant. We analyzed the data using IBM SPSS Statistics Version 21 for Windows (SPSS Inc., Chicago, IL, USA) and Graph Pad Prism 5 (Graph Pad Software Inc., San Diego, CA, USA).
Results
Gender and binge drinking behavior
Regarding the 24 month-recall period, 201 (9.0%) study subjects were classified as 15+ binge drinkers, 272 (12.2%) as 10+ binge drinkers, 814 (36.6%) as 5+ binge drinkers, and 938 (42.2%) as nonbinge drinkers. With an OR of 1.44, males were more likely to show binge drinking behavior than females (χ 2 = 17.9, df = 1, P < .001).
Moreover, binge drinkers were less frequently married than non-binge drinkers (OR 0.60, χ 2 = 31.8, df = 1, P < .001) (for further sociodemographic characteristics see Table 2 ). Using the 2 week-recall period, 55 (2.5%) were grouped as 15+ binge drinkers, 93 (4.2%) as 10+ binge drinkers, 626 (28.1%) as 5+ binge drinkers, and 1451 (65.2%) as non-binge drinkers. Males were again more prone to show binge drinking behavior than females (OR 1.62, χ 2 = 29.0, df = 1, P < .001) and binge drinkers were less likely married than non-binge drinkers (OR 0.74, χ 2 = 9.6, df = 1, P = .002). Table 1 Definitions of binge drinking variables.
1. Binge drinking group: "binge drinkers vs. non-binge drinkers" Participants stating ≥1 binge drinking episode (5+, 10+, or 15+) were classified as binge drinkers and compared with those denying binge drinking by entering "0" into all fields (="non-binge drinkers"). 2. Binge drinking severity: 15+ > 10+ > 5+ > non-binge drinking Study subjects with ≥1 15+ binge drinking episode were classified as 15+ binge drinkers; from the remaining cohort, those with ≥1 10+ binge drinking episode were classified as 10+ binge drinkers and, then, those with ≥1 5+ binge drinking episode as 5+ binge drinkers.
Binge drinking frequency
Sum of individual 15+, 10+, and 5+ binge drinking episodes divided by the number of weeks of the specific recall period (104 weeks for 24 months, 2 for 2 weeks). B. Lenz et al. Progress in Neuropsychopharmacology & Biological Psychiatry 86 (2018) 370-378 3.2. Associations of 2D:4D and pubertal age with gender, body mass index, and chronological age 2D:4D (see Table 3 for descriptive statistics) did not differ between men and women (Mann-Whitney U test, n[males] = 935, n[females] = 989; R2D:4D, U = 444068, P = .133; L2D:4D, U = 456618, P = .637; 2D:4Dr-l, U = 439982, P = .066). R2D:4D and L2D:4D, but not 2D:4Dr-l, were significantly positively correlated with body mass index and age. Age at pubertal onset did not differ between men and women (Mann-Whitney U test, n[males] = 1064, n[females] = 1123, U = 582461, P = .299), but correlated significantly negatively with body mass index and positively with chronological age. The correlations of 2D:4D and age at pubertal onset with body mass index and chronological age were influenced by gender (Table 4) .
2D:4D and binge drinking behavior
Using the 24 month-recall period, participants classified as binge drinkers showed significantly lower 2D:4D compared to non-binge drinkers (RMANCOVA; marginal means ± standard errors of R2D:4D and L2D:4D, 0.987 ± 0.001 vs. 0.991 ± 0.001, Table 5 ). In this model with 2D:4D as repeated-measures dependent variable (R2D:4D, L2D:4D), there were significant effects of sex with men showing lower 2D:4D than women, of the covariates rankit-body mass index and age, but not of the sex × binge drinking group interaction. Moreover, we found a significant negative relationship between 2D:4D and binge drinking severity (for illustration marginal means ± standard errors of R2D:4D and L2D:4D from a RMANCOVA with binge drinking severity as a between subject factor for 15+/10+/5+/non-binge drinking, 0.984 ± 0.003/0.987 ± 0.002/0.988 ± 0.001/0.991 ± 0.001). 2D:4D was also linked to the binge drinking frequency. (For statistical details see Table 5 .)
Separate sex-specific analyses revealed that the association between 2D:4D and binge drinking behavior was primarily driven by the male subsample (Fig. 2) .
The exploratory analyses revealed that, independently from each (Table 5) . Statistical models with categorical age (dichotomized according to the median) as a between-subject factor or fixed factor rather than with continuous age as a covariate confirmed the relationship between 2D:4D and binge drinking group, severity, and rankit-frequency (data not shown). We used the 2 week-recall period to repeat the analyses shown in Table 5 and Fig. 2 and found no significant association of 2D:4D with binge drinking group, rankit-severity, rankit-frequency, hand × binge drinking variables interaction, sex × binge drinking group interaction, or hand × sex × binge drinking group interaction (data not shown).
Age at pubertal onset and binge drinking behavior
For the 24 month-recall period, we found that binge drinkers reported a significantly higher rankit-age at pubertal onset in comparison to non-binge drinkers (for illustration marginal means ± standard errors of an ANCOVA with the non-ranked dependent variable of age at spermarche or menarche [years], 12.9 ± 0.04 vs. 12.7 ± 0.05, Table 6 ).
Similar to 2D:4D, sex-specific analyses revealed a significant association of binge drinking group with rankit-age at pubertal onset for males (spermarche) but not for females (menarche) (Fig. 3) .
Rankit-age at pubertal onset was not related to binge drinking severity or frequency (Table 6 ). Statistical models with categorical age (dichotomized according to the median) as a fixed factor rather than with continuous age as a covariate confirmed the relationship between rankit-age at pubertal onset and binge drinking group (data not shown). Using the 2 week-recall period for the analyses shown in Table 6 and Fig. 3 , we found no significant association of rankit-age at pubertal onset with binge drinking group, rankit-severity, rankit-frequency, or sex × binge drinking group interaction (data not shown).
Discussion
To our knowledge, this is the first study to demonstrate lower 2D:4D and later pubertal onset in individuals who show binge drinking behavior compared to those who do not. 2D:4D was also lower in study subjects reporting more severe and more frequent binge drinking episodes. The findings are consistent with lower 2D:4D (Han et al., 2016;  The table reports statistical values of repeated-measures analyses of covariance (RMANCOVAs, dependent variable: R2D:4D, L2D:4D) and separate analyses of covariance (ANCOVAs, dependent variables: R2D:4D, L2D:4D, 2D:4Dr-l) for binge drinking group (between-subject factor or fixed factor), binge drinking severity (covariate), and rankitbinge drinking frequency (covariate). All models included sex (between-subject factor or fixed factor), rankit-body mass index (covariate), and age (covariate). The RMANCOVAs showed no significant interaction effects of binge drinking variables with the factor hand. P < .05 in bold print. 2D:4D second-to-fourth-finger length ratio, R2D:4D right hand 2D:4D, L2D:4D left hand 2D:4D, 2D:4Dr-l difference between right and left hand 2D:4D.
B. Lenz et al. Progress in Neuropsychopharmacology & Biological Psychiatry 86 (2018) 370-378 Kornhuber et al., 2011; Lenz et al., 2017) and later pubertal onset in alcohol-dependent patients as well as with a negative correlation of 2D:4D with alcohol withdrawal severity and extent of alcohol-related sequelae . Our data suggest that excess prenatal androgen might predispose the exposed to binge drinking behavior in adulthood.
The particular strengths of this work include the parallel investigation of two independent biomarkers for prenatal sex hormone exposure and the large and ethnic relatively homogeneous sample. Moreover, we conducted a multidimensional characterization of binge drinking behavior including severity and frequency. The statistical models included the important influencing factors of sex, body mass index (Fink et al., 2003; Oyeyemi et al., 2014) , and age. Finally, we chose an anonymous online survey to reduce confounding by social stigmatization.
The 24 month and 2 week-binge drinking prevalence rates of 57.8% and 34.8% observed in this study are comparable to previous investigations (Bartoli et al., 2014; Donath et al., 2012; Esser et al., 2014; Tavolacci et al., 2016) . In line with the expectations (Donath et al., 2012; Kuntsche and Gmel, 2013; Kuntsche et al., 2004; Mohamed and Ajmal, 2015; Tavolacci et al., 2016) , compared to females, males were more likely to report binge drinking behavior for the two recall periods (24 months, OR 1.44, 2 weeks, OR 1.62). For both 2D:4D and age at pubertal onset, we found stronger effects in males than in females, which is consistent with previously reported gender dimorphisms of the association between 2D:4D and attention deficit hyperactivity disorder symptoms (Martel et al., 2008) , fear reactivity (Bergman et al., 2010) , and sex-typical behavior (Mitsui et al., 2016) . This finding implies that prenatal androgens might exert a stronger influence on behavior in males than in females.
Although we were able to verify our hypotheses using the 24 monthrecall period, there were no significant associations of the investigated biomarkers with the binge drinking group, the severity, or the frequency of binge drinking episodes for the 2 week-recall period. Binge drinking episodes are not homogenously distributed over the year and can be linked to festivities or vacation times. Thus, our data might suggest that 2D:4D is not associated with chronic (habitual or frequent) binge drinking, but with more severe binge drinking episodes on rare For the 24 month-recall period, we found lower 2D:4D suggesting prenatal hyperandrogenization in male binge drinkers compared to male non-binge drinkers (A; RMANCOVA; binge drinking group, F (1,931) = 7.2, P = .007, partial η 2 = 0.008, rankit-body mass index, F (1,931) = 6.4, P = .011, age, F (1,931) = 6.8, P = .009, no additional significant main or interaction effects with the factor hand). 2D:4D related negatively to the binge drinking severity (B; RMANCOVA; binge drinking severity, F (1,931) = 5.5, P = .019, partial η 2 = 0.006, rankit-body mass index, F (1,931) = 7.0, P = .008, age, F (1,931) = 6.3, P = .013, no additional significant main or interaction effects with the factor hand; for illustration marginal means ± standard errors of R2D:4D and L2D:4D from a RMANCOVA with binge drinking severity as a between subject factor for 15+/10+/5+/non-binge drinking, 0.984 ± 0.003/0.985 ± 0.003/0.986 ± 0.002/0.991 ± 0.002). Lower 2D:4D was negatively associated with binge drinking frequency (C; RMANCOVA; rankit-binge drinking frequency, F (1,931) = 3.8, P = .050, partial η 2 = 0.004, rankit-body mass index, F (1,931) = 6.7, P = .010, age, F (1,931) = 7.5, P = .006, no additional significant main or interaction effects with the factor hand). In females, there was no significant difference between binge drinkers and non-binge drinkers or any significant association of 2D:4D with binge drinking severity or frequency (RMANCOVAs; A; binge drinking group, F (1,985) = 1.2, P = .265, partial η 2 = 0.001, rankit-body mass index, F (1,985) = 4.0, P = .046, age, F (1,985) = 0.1, P = .765, no additional significant main or interaction effects with the factor hand; B; binge drinking severity, F (1,985) = 2.4, P = .120, partial η 2 = 0.002, rankit-body mass index, F (1,985) = 4.2, P = .040, age, F (1,985) < 0.1, P = .872, no additional significant main or interaction effects with the factor hand; D; rankit-binge drinking frequency, F (1,985) = 0.5, P = .464, partial η 2 = 0.001, rankit-body mass index, F (1,985) = 3.8, P = .051, age, F (1,985) = 0.2, P = .686, no additional significant main or interaction effects with the factor hand). The graphs present marginal means ± standard errors from RMANCOVAs (A-B) and best-fit lines (95% confidence intervals) from regression analysis (C-D). 2D:4D secondto-fourth-finger length ratio, R2D:4D right hand 2D:4D, L2D:4D left hand 2D:4D, 2D:4Dr-l difference between right and left hand 2D:4D. *P < .05, **P < .01, ns not significant.
(single) occasions that might be more related to acute stress. Evidence suggesting that prenatal androgen effects predict stress response in adulthood (Benderlioglu and Nelson, 2004; Crewther et al., 2015; Kilduff et al., 2013; Manning et al., 2014; Portnoy et al., 2015) supports this model. Certainly, further research on the differences between rare and chronic binge drinkers is needed. However, we also acknowledge methodological limitations that might account for the lack of a significant association between the prenatal androgen exposure biomarkers and binge drinking quantified with the 2 week-recall period. The shorter recall period reduces the statistical power because of a lower number of individuals classified as binge drinkers. Accordingly, the 2 week-recall period has been shown to exclude approximately 30% of heavy binge drinkers (Courtney and Polich, 2009 ).
In line with previous studies, the body mass index correlated positively with 2D:4D (Fink et al., 2003; Oyeyemi et al., 2014) and men showed lower 2D:4D than women in the adjusted models (Hönekopp and Watson, 2010) . Notably, we also detected positive correlations of age with L2D:4D and R2D:4D, meaning that older study participants self-measured higher 2D:4D. This was unexpected because 2D:4D is said to be established during the intrauterine window with only minor alterations thereafter (Malas et al., 2006; Manning et al., 1998 Manning et al., , 2014 McIntyre et al., 2005) , although a longitudinal study also reported a decline between 6-and 8-years-old (McIntyre et al., 2006) . Lower 2D:4D is related to a number of lethal conditions, such as prostate cancer (Mendes et al., 2016) , primary brain tumors (Bunevicius et al., 2016) , alcohol dependence (Han et al., 2016; Kornhuber et al., 2011; Lenz et al., 2017 ), Alzheimer's disease in females (Vladeanu et al., 2014) , coronary artery disease in females (Wang et al., 2018) , aggression-related injuries (Joyce et al., 2013; O'Briain et al., 2017) , and suicide (Lenz et al., 2016) . Moreover, there is recent national-level evidence for an association between lower 2D:4D and reduced life expectancy (Lenz and Kornhuber, 2018) . In this study, we investigated a large cohort with age spanning from 18 to 75 years (1-99% percentiles). Therefore, a positive correlation between 2D:4D and age detected in this study might be caused by the fact that individuals with lower 2D:4D (suggesting prenatal hyperandrogenization) die earlier.
In our cohort, we also found a positive correlation between chronological age and retrospectively remembered pubertal age. This means that later pubertal age has been reported by older study participants, which might be explained by secular trends because of large evidence showing that pubertal age has fallen since the 19th century (Ong et al., 2006) . This finding also supports a recall bias regarding the age at menarche and spermarche. A telescoping effect in the retrospective measurement of pubertal onset with people perceiving more distant events (spermarche or menarche in older individuals) more recent has been reported (Pickles et al., 1994) . Although comparable retrospective measurement has successfully been applied in some other studies (Smith and Powers, 2009; Wohlfahrt-Veje et al., 2016) , we acknowledge that only 51.4% of males and 84.1% of females rated their statement of pubertal age as sure.
Our study results might have important implications for future research. The psychological and molecular mechanisms underlying the association between prenatal androgen exposure (2D:4D and age at pubertal onset) and adult alcohol consumption are largely unknown and require further investigation. Sensation seeking behavior might mediate this relationship because of its link to both binge drinking (Kuntsche et al., 2017) and prenatal androgen exposure (Hampson Fig. 3 . Age at pubertal onset in binge drinkers and non-binge drinkers (24 month-recall period)-sex-specific association. Males with binge drinking behavior reported a later rankit-age at spermarche (suggesting higher prenatal androgen load) compared to males without binge drinking episodes (ANCOVA; binge drinking group, F (1,1060) = 4.9, P = .027, partial η 2 = 0.005, rankit-body mass index, F (1,1060) = 7.0, P = .008, age, F (1,1060) = 48.6, P < .001). In females, rankit-age at menarche did not significantly differ between binge drinkers and non-binge drinkers (ANCOVA; binge drinking group, F (1,1119) = 1.0, P = .326, partial η 2 = 0.001, rankit-body mass index, F (1,1119) = 51.2, P < .001, age, F (1,1119) = 31.7, P < .001). The graphs show marginal means ± standard errors of the mean from ANCOVAs with the non-ranked dependent variables of age at spermarche or menarche. *P < .05, ns not significant. Resnick et al., 1993; Slutske et al., 2011) . Moreover, additional knowledge is needed on how to reduce prenatal androgen loads to develop public health strategies to prevent pathological alcohol use. Animal and human studies show associations of 2D:4D with maternal smoking, alcohol consumption, and subjective stress during pregnancy Lilley et al., 2010; Rizwan et al., 2007) . Thus, future studies should investigate whether interventions targeting substance use and stress of pregnant women can improve the offspring's health in a sustained manner. Our findings might inspire the development of targeted psychotherapeutic and medication strategies. This study is subject to several limitations. The observed effect sizes are small (Richardson, 2011) with partial η 2 values spanning from 0.002 to 0.008. This agrees with the assumption that binge drinking behavior is a consequence of an array of diverse biological and psychosocial determinants. An additional reason might be that all of our measures represent self-ratings with low precision. Although the online survey was anonymous and although our prevalence estimates are in line with expectations, it may be that the quantified numbers of binge drinkers, the severity, and the frequency of binge drinking episodes are biased by social desirability and recall effects. It has also been shown that self-measured 2D:4D reaches only 46% of the reliability of that of expert-measured 2D:4D (Hönekopp and Watson, 2010) . We acknowledge that we have not assessed reliability of measurements in this study. Moreover, there are limitations associated with the use of 2D:4D and pubertal age as biomarkers of prenatal androgen load (Hurd et al., 2010; Medland et al., 2010; Oberg and Villamor, 2012; Wallen, 2009 ), although we employed a direct 2D:4D measurement method that reduces the bias induced by asymmetrical distortion of fingertip fat pads or movement of proximal creases (Ribeiro et al., 2016) . Also, our anonymous online research project did not collect data from direct interviews. Thus, we were unable to consider the definite diagnosis of alcohol dependence in the statistical model. The sample is certainly not representative of the general population but mirrors a cohort with a high educational level. Only 2332 of the initially invited 14027 SoSciPanel individuals completed the survey; the response rate is low but comparable to other online surveys (Nulty, 2008) . Due to inconsistent definitions of binge drinking in the literature, we chose 15+, 10+, and 5+ binge drinking within a 2 h period during the previous 2 week and 24 month-recall periods. This classification has its limitations. For example, the 2 week-recall period might underestimate and the 24 monthrecall period might overestimate the true prevalence. Also, this approach does not account for potential sex differences in blood alcohol concentration or subjective feeling related to alcohol binge drinking. Finally, the cross-sectional study design is based on differences and associations and does not allow for definite temporal or causal conclusions. Future research projects are needed to investigate potential causality underlying this study's findings.
Conclusions
In line with our hypotheses, we detected lower 2D:4D and later pubertal age in binge drinkers compared to non-binge drinkers. Also, 2D:4D was negatively associated with binge drinking severity and frequency. These effects were stronger in men than in women. Our findings suggest that excess prenatal androgen has a role in binge drinking behavior in adulthood.
